Nickel contents and Mn/Fe in olivine phenocrysts have been suggested to reflect the mineral composition of the mantle source of the host magma. This hypothesis is tested here against a wellcharacterized suite of meimechitic (or Ti-rich komatiitic) dikes from the Antarctic extension of the Jurassic ~180 Ma Karoo large igneous province. The presented trace element data on Fo82-92 olivines show relatively high Ni (2430-3570 ppm) and low 100*Mn/Fe (1.32-1.5; Mn = 890-1570 ppm), compatible with pyroxenite-rich sources (Xpx = 37-75%). Many other mantle source indicators (parental melt MgO and whole-rock Zn/Fe, MgO/CaO, FC3MS, Zr/Y vs. Nb/Y, and radiogenic isotope compositions) suggest dominantly or solely peridotitic mantle sources, however. Therefore, the measured high Ni and low Mn/Fe are likely to reflect high temperatures and pressures of melting and possibly high water contents in such peridotite sources. We recommend considerable caution when using Ni and Mn contents of olivine as source indicators, as they may only serve for qualitative comparison of primitive volcanic rocks that originated under fairly similar mantle conditions.
Introduction
Mantle pyroxenite may form by reactions between recycled crust (subducted eclogite) and mantle peridotite. Whether Mg-rich volcanic rocks, especially in various intraplate settings, originate dominantly from pyroxenitic or peridotitic mantle sources has been debated (e.g., Putirka, 1999; Sobolev et al., 2005 Sobolev et al., , 2007 Niu et al., 2011; Putirka et al., 2011, Yang and Zhou, 2013) .
In a study concerning Hawaiian shield basalts, Sobolev et al. (2005) first suggested the suitability of Ni contents of olivine phenocrysts as an indicator of mineral composition of the mantle source of their host magma. Later, based on considerations of partition coefficients and vast amounts of olivine analyses from various tectonic settings, Sobolev et al. (2007) suggested that the amount of pyroxenite in the mantle source could be quantified on the basis of Mn/Fe of olivine phenocrysts. The underlying hypotheses suggest that, in an olivine-poor mantle source, Ni behaves as an incompatible element and Mn as a compatible element (relative to Fe). Magmas derived from pyroxenite would thus exhibit higher Ni contents and lower Mn/Fe relative to those derived from peridotite, and these features would then be recorded by olivine phenocrysts crystallizing from the magma at lower pressures. Following this logic and utilizing the extensive olivine dataset, Sobolev et al. (2007) suggested that some large igneous provinces (LIPs) could have originated dominantly from pyroxenitic sources whereas mid-ocean ridge basalts (MORBs) derive from sources consisting of about 10-15 % of pyroxenite.
Because of the relative ease of analyzing trace elements in olivine, the aforementioned approaches have been widely used in identification of the mantle sources of various volcanic successions (e.g., Kamenetsky et al., 2012; Garcia et al., 2015; Søager et al., 2015) . In some cases, these indicators have shown correlations with other chemical parameters that potentially indicate recycled sources, e.g., Os isotopes (Sobolev et al., 2008) . Subsequent experimental and theoretical studies on element partitioning during peridotite melting, however, have suggested that temperature (and, indirectly, pressure) as well as water contents of the mantle source have a strong effect on partitioning of Ni and Mn (Li and Ripley, 2010; Balta et al., 2011; Niu et al., 2011; Matzen et al., 2013 Matzen et al., , 2017 . For example, higher melting temperatures and pressures decrease the partition coefficient of Ni between olivine and liquid (KD (Ni) ol-liq ) and increase KD(Mn) ol-liq (Li and Ripley, 2010; Matzen et al., 2013 Matzen et al., , 2017 ) whereas higher water content of the source increases KD (Mn) garnet-liq (Balta et al., 2011) . The effects of these parameters on the magma Ni and Mn contents could exceed the effects caused by variations in source mineralogy and also explain the apparent differences in olivine chemistry between MOR and LIP basalts (Balta et al., 2011; Matzen et al., 2017) .
In this study, major and trace element data on olivine phenocrysts from a suite of subalkaline Mg-rich dikes that belong to the Antarctic portion of the Jurassic (~180 Ma; Jourdan et al., 2005) Karoo LIP are presented (Fig. 1) . These rocks have been extensively studied using major element, trace element, isotopic (Sr, Nd, Pb, Os, He), and mineral major element chemistry Luttinen, 2008, 2010; Heinonen and Kurz, 2015) . They do not exhibit geochemical evidence of highly metasomatized sources, magma mixing, or significant lithospheric interaction, and were derived at high pressures from depleted mantle sources beneath the Gondwanan lithosphere. As such, they provide an excellent natural testing laboratory for behavior of Mn and Ni in mantle melting. On the basis of the new and previously published data, the plausibility of olivine Ni and Mn contents as tracers of mantle source mineral composition is discussed. (Luttinen and Siivola 1997; Jourdan et al. 2007 ) and the Archean/Paleoproterozoic core complex of Kalahari (Jacobs et al. 2008) . (b) Detailed map of Basen nunatak, Vestfjella. Arrow marked with "G" indicates the approximate primary ice flow direction and stippled lines indicate steep cliffs. The locations of Aboa (Finnish) and Wasa (Swedish) research stations are also indicated.
Geological background and sample selection
The Karoo LIP is one of the largest flood basalt provinces, and is related to the breakup of Pangaea and Gondwana supercontinents. Most of its remains are found in southern Africa, but parts of it have also been preserved in Antarctica (Fig. 1) . The most MgO-rich (> 20 wt. %) magmas known from the Karoo LIP have left their geochemical fingerprints in glacial boulders that are found scattered on top of Basen nunatak in the Vestfjella mountain range, western Dronning Maud Land, Antarctica ( Fig. 1 ; . The Basen nunatak itself consists of Karoo continental flood basalts (CFBs), but the boulders contain chilled-margin contacts with Permian sedimentary rocks that underlie the CFBs at places in Vestfjella -therefore the boulders have likely been transported from the surrounding valleys on top of the nunatak by glaciers. Because of glacial erosion in sub-zero conditions, many of these boulders are free of notable chemical weathering and the primary mineral and geochemical compositions have been preserved exceptionally well. For example, olivine phenocrysts are often pristine.
The boulders are classified as picrites and meimechites according to the revised classification of high-Mg rocks by Le Bas (2000) , although it is important to note that the rocks are subalkaline and distinct from the alkaline and considerably incompatible trace element-enriched meimechites from the type locality in Siberia (see, e.g., Arndt et al., 1995) . A more petrogenetically appropriate term would probably be "Ti-rich komatiite" as the TiO2 contents (1.3-1.7 wt. %) of the samples are very close to the TiO2 concentration boundary of 1 wt. % between a komatiite and a meimechite (see Le Bas, 2000) . For comparison, Siberian meimechites have TiO2 contents of more than 3 wt. % at similar MgO contents (Arndt et al., 1995) . We follow the nomenclature that is recommended by IUGS (Le Bas, 2000) and used in previous publications about these rocks (e.g., , however.
Although a few of the Karoo meimechite samples from Vestfjella are obvious cumulates, some of them are characterized by considerably magnesian olivine phenocrysts (up to Fo92) that indicate crystallization from parental magmas having MgO in excess of 20 wt. %, possibly up to 25 wt. % . These meimechites are geochemically closely associated with ferropicritic dikes, which are also found at Vestfjella, share the same mantle source, and may have differentiated from meimechitic parental magmas similar to those represented by the boulders . In contrast to Mwenezi picrites found in southern Africa (Fig. 1a ) that show evidence of significant mixing with or derivation from geochemically enriched lithospheric materials (e.g., Ellam, 2006) , the meimechites and related ferropicrites of Vestfjella have been shown to derive from depleted sublithospheric sources beneath the Gondwanan supercontinent Heinonen and Kurz, 2015) . Two of the meimechite samples that contain the most pristine olivine, AL/B7-03 (MgO = 19 wt. %) and AL/B9-03 (MgO = 24 wt. %), were selected for this study (see Luttinen, 2008, 2010) .
Analytical methods
The whole-rock samples were crushed and the least altered olivine grains were hand-picked from sieved (Ø = 0.25-1 mm) and magnetically separated fractions. The grains were mounted, polished, and gold-coated for oxygen isotopic analysis, and these mounts were also used in this study.
Electron probe microanalysis
Major element compositions of olivine used for calibration of the laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS; see next section) data were determined at the Department of Geosciences and Geography, University of Helsinki, with a JEOL JXA-8600 electron probe micro-analyzer (EPMA) equipped with four wavelength-dispersive spectrometers. Matrix corrections were performed with the XMAS analysis software using the PAP correction (Pouchou and Pichoir, 1985) . The microprobe was calibrated with an olivine standard. The analyses were performed with a focused beam, and the acceleration voltage and sample current for the analyses were 15 kV and 15 nA, respectively. The precision and limit of detection for the method is reported in Electronic Supplementary Materials.
LA-ICP-MS analysis
LA-ICP-MS analyses were carried out at the University of Helsinki using an Agilent 7900s quadrupole ICP-MS system equipped with high-sensitivity (s-lens) ion lens configuration and Pt interface cones. The instrument is coupled to a Coherent GeoLas Pro MV 193 nm laser ablation system. The system was tuned daily to ensure highest possible signal-to-background ratios while maintaining low oxide interference production ratios (ThO/Th < 0.3 %), low doubly charged formation ( 43 Ca 2+ / 43 Ca < 0.5 %) and stable ablation, transport and ionization conditions (U/Th = 100±2 %). The accuracy of the system was monitored daily by replicate analyses of 39 elements in NISTSRM 612 synthetic glass standards quantified against NISTSRM 610 as external standard. Accuracies for major and trace elements were within or very close (< 5 % relative deviation) to the propagated uncertainty ranges associated with the reference standard compositions (Spandler et al., 2011) . Other instrument parameters and gas flow rates are summarized in Table 1 . The olivine samples were ablated at the location of the EPMA analysis spots using spot sizes of 44 µm and laser energy densities of 7 J/cm 2 . The olivine analyses were bracketed by replicate measurements of reference materials NISTSRM 610 (Spandler et al., 2011) and GSE 1G (GeoREM preferred values, Jochum et al., 2005) Zn. Data reduction was carried out using the SILLS software package (Guillong et al., 2008) , following procedures outlined in Heinrich et al. (2003) and Pettke et al. (2012) . Based on careful evaluation of data quality and accuracy (see Electronic Supplementary Material), Mg concentration values as determined with EPMA were used for internal standardization of the data against GSE 1G synthetic basalt glass as external standard.
Results
The results of our major and trace element analyses on olivine phenocrysts (Fo82-92) of the Karoo meimechites are given in Table 2 (LA-ICP-MS) and Electronic Supplementary Material (LA- (Sobolev et al., 2007) . Fractional crystallization model (FC) of a melt derived from fertile peridotite is after Frac-2 model of Sobolev et al. (2007) . Note that a couple of the analyses presented in Table 2 have Fo contents so low that they plot outside the diagrams -we focus on the most Mgrich compositions here as they are most relevant to the discussion. Sobolev et al. (2007) provided equations to calculate the amount of pyroxenite (Xpx) and recycled oceanic crust (Xcrc) in the mantle source using Fe, Mn, and standardized information on the behavior of different mantle rock types under melting conditions relevant to different tectonic environments: = 3.48 − 2.071 * (100 * Mn Fe )
and
In (2), Fe is the degree of melting of recycled eclogite, Xe is the amount of eclogite-derived melt needed to produce hybrid pyroxenite from peridotite, and Fpe and Fpx are degrees of melting of peridotite and pyroxenite, respectively. Following Sobolev et al. (2007) , we adopt the following standard values that are relevant to a LIP setting: Fe = 50 %, Xe = 50 %, Fpx = 50 %, and Fpe = 10 %. Combining equations (1) and (2) with the LA-ICP-MS data we get Xpx of 37-75 % with an average of 52% (1σ = 9 %) and Xcrc of 10-31 % with an average of 17 % (1σ = 5 %) (Fig. 3) for all olivines. Sample-specific average Xpx and Xcrc values are 45 % and 13 % for AL/B7-03 and 58 % and 20 % for AL/B9-03, respectively. Very similar Xpx values (52 % on average) were reported for the basalts of Gran Canaria (OIBs erupted on thick lithosphere) by Sobolev et al. (2007) (Fig. 3) . The picrite samples reported from the African Karoo (Mwenezi) by Sobolev et al. (2007) also exhibit rather similar Xpx values (62 % on average) with Karoo meimechites (Fig. 3) . We emphasize, that direct comparison in this case is not justified, however, as trace element and isotopic (Sr, Nd, Pb, and Os) evidence indicates derivation of these Karoo magma types dominantly from distinct magma sources in the enriched continental lithospheric mantle and depleted asthenosphere, respectively (see, e.g., . The relationships of these magma types to each other and Karoo magmatism in general have been discussed elsewhere (e.g., Ellam, 2006; Heinonen et al., , 2016 Heinonen and Kurz, 2015; Luttinen et al., 2015) and will not be considered further in this study. 
Discussion

Evidence from other pyroxenite and recycled source indicators
The olivine Ni and Mn/Fe data of the Karoo meimechites suggest dominantly pyroxenitic sources for these primitive rocks (Figs. 2 and 3) . Geoscientists are not solely dependent on these pyroxenite tracers, however. Although lithological and geochemical heterogeneity do not necessarily go hand in hand (e.g., Yang and Zhou, 2013; Matzen et al., 2017) , several potential indicators of pyroxenite or recycled sources have been introduced. These include Zn/Fe (Le Roux et al., 2010), MgO/CaO (Herzberg, 2006; Herzberg and Asimow, 2008) , FC3MS (Yang and Zhou, 2013) , Zr/Y vs. Nb/Y (Fitton et al., 1997) , and radiogenic isotope compositions (e.g., Hofmann and White, 1982) . In addition, several other major element characteristics of magmas can be associated with pyroxenite sources: for thorough reviews of the different tracers and potential pitfalls in using them, the reader is referred to Yang et al. (2016) . Importantly, Karoo meimechites are subalkaline and do not show significant evidence of magma mixing, highly metasomatized sources, or interaction with lithospheric materials , which means that many of the problems related to the geochemical outcomes of such processes (Yang et al., 2016) are not relevant to this study.
Because the presented Ni and Mn data have been measured from olivine crystals and the other aforementioned pyroxenite source indicators of pyroxenite sources rely on whole-rock geochemistry, it is important to be certain that the olivine phenocrysts are not xenocrysts from geochemically distinct parental magmas (i.e. introduced to meimechitic magmas by mixing). This aspect has been discussed in more detail elsewhere , but is summarized here for clarity: regardless of Fo content, the olivines contain 1) spinel inclusions with uniform geochemistry, 2) kaersutite-bearing crystallized melt inclusions, and 3) Ca and Ni contents that plot on a reasonable liquid line of descent. Given this evidence, it is very likely that all the primitive olivine phenocrysts crystallized from geochemically similar Mg-rich parental magmas derived from relatively uniform sources. In addition, we concentrate on samples that are not cumulates to discount the geochemical effects of accumulation on major and trace element compositions (see .
Picrites from Gran Canaria show very similar Xpx (Fig. 3) to the Karoo meimechites. In the following discussion, we will evaluate the consistency of this similarity (and its implication of similarly pyroxene-rich mantle sources) using the other petrological source indicators listed above. We emphasize, however, that the purpose of this study is not to study the origin of the Gran Canaria samples in detail -for such discussion, the reader is referred to, e.g., Gurenko et al. (2006 Gurenko et al. ( , 2010 and references therein.
Zn/Fe
Le Roux et al. (2010) argued that elevated Zn/Fe of several OIBs is difficult to explain by melting of peridotitic mantle at varying temperature or pressure, but rather indicates sources rich in clinopyroxene and garnet (both fractionate Zn/Fe, unlike olivine and orthopyroxene). The Karoo meimechites exhibit Zn/Fe that is indistinguishable from MORB and peridotites and very similar to a hypothetical peridotite melt (Fig. 4) . In contrast, Gran Canaria samples seem to be more closely associated with pyroxenite sources in terms of Zn/Fe (Fig. 4) . Heinonen and Luttinen, 2008 ; see also together with data from various geological settings and hypothetical melt compositions shown in whole-rock Zn/Fe*10 4 diagram. All data, except for the Karoo meimechites and Gran Canaria, are from Le Roux et al. (2010) with MORB and OIB suites fractionation-corrected to MgO = 12 wt.% (symbols represent averages and error bars are 1σ). Gran Canaria data only includes samples with MgO of 12 wt. % and has been compiled from GEOROC (http://georoc.mpchmainz.gwdg.de/georoc/). The Karoo meimechites represent olivine-controlled nearmelt compositions and, because olivine does not fractionate Zn/Fe (Le Roux et al., 2010) , their compositions have not been corrected for fractionation.
MgO/CaO
On the basis of the melting behavior of fertile peridotite, Herzberg (2006) and Herzberg and Asimow (2008) suggested that the relationship of MgO and CaO could be used as a potential pyroxenite source indicator. Magmas from pyroxenite sources should generally exhibit lower CaO at a given MgO compared to magmas from peridotite sources (cf. Yang and Zhou, 2013) . The Karoo meimechites plot in the peridotite melt field, although the most magnesian sample is very close to the hypothetical divide (Fig 5a) . In comparison, the Gran Canaria samples analyzed by Sobolev et al. (2007) plot on both sides of the divide (Fig. 5a ): the two Gran Canaria samples that exhibit the highest Xpx (> 50%) plot below the divide in the pyroxenite melt field.
Importantly, experimental pyroxenite melts rarely exceed MgO contents of about 16 wt.% (see Yang and Zhou, 2013 ) and high olivine content or degree of melting are needed for this to happen (see, e.g., Kogiso et al., 2004) . Based on the forsteritic olivines (up to Fo92) found in the meimechites and parental melt calculations with PRIMELT software (Herzberg and Asimow, 2008) , the parental melts of the Karoo meimechites had MgO contents in excess of 20 wt. %, probably around 25 wt. % ( Fig. 5a ; . The parental melt compositions modeled with PRIMELT software are in equilibrium with a garnet-bearing peridotitic source rock (see . Figure 5 . Karoo meimechites that are not cumulates (see Fig. 4 ) and their parental melt compositions , and Gran Canaria picrites that hosted or are closely related to the olivines analyzed by Sobolev et al. (2007) (samples G1265, GC59, GC35, 953C-93R-4_20-24, and 953C-101R-5_78-80; Schminke and Segschneider, 1998; Gurenko et al., 2006) , and experimental pyroxenite partial melt quantile contours at 10% intervals (based on a dataset compiled by Yang and Zhou, 2013) are included. In (a), fractionation vectors for olivine, orthopyroxene, clinopyroxene, and plagioclase, and the hypothetical line separating peridotite and pyroxenite partial melts (Herzberg and Asimow, 2008) are indicated. In (b), the data for continental OIB-like rocks (C-OIB), upper limit for peridotite melts, and peridotite partial melt fields are after Yang and Zhou (2013) .
FC3MS
The FC3MS (FeO T /CaO -3 * MgO/SiO2; all in wt.%) source indicator was introduced by Yang and Zhou (2013) on the basis of parameterization of a considerable amount of previously published data on peridotite and pyroxenite melting experiments (Fig. 5b) . The authors argue that effects of pressure and temperature on this parameter are insignificant (see also Yang et al., 2016) . The Karoo meimechites clearly plot in the field of peridotite melts in Fig. 5b . Gran Canaria samples also plot in the field of peridotite melts and close or within the field of continental OIB-like volcanic rocks (COIBs); again, the two samples having the highest Xpx plot closer to the majority of pyroxenite partial melts.
Zr/Y vs. Nb/Y
Rather than being a direct indicator of pyroxenite sources, the Zr/Y vs. Nb/Y diagram can be considered an indicator of recycled eclogite sources (Fitton et al., 1997 (Fitton et al., , 2003 . It is largely based on the assumption that Nb is compatible in eclogite and is thus relatively and consistently depleted in normal MORBs derived from depleted upper mantle and enriched in OIBs derived from recycled sources. Plotting Nb/Y relative to Zr/Y helps in seeing through the effects of pressure and degree of melting on the partitioning of the different elements. The Nb systematics of the Karoo meimechites do not show evidence of recycled sources and they can be explained by low-degree high-pressure melting of sources similar to MORBs (Fig. 6) . Gran Canaria samples plot in the OIB field and in or very close to the "Icelandic plume array" constrained by Fitton et al. (1997 Fitton et al. ( , 2003 . Fitton et al. (2003) and Fitton (2007) . Data for SWIR MORBs compiled from PetDB (www.earthchem.org/petdb). P and F arrows denote the approximate effects of increasing pressure and degree of melting, respectively (Fitton et al., 1997) .
Radiogenic isotopes
The Sr, Nd, Pb, and Os isotopic compositions of the Karoo meimechites are practically indistinguishable from those of Southwest Indian Ridge (SWIR) MORBs (or abyssal SWIR peridotites is terms of Os) and very similar to those of depleted MORB mantle (DMM) calculated at 180 Ma. This indicates their derivation from a dominantly peridotitic depleted mantle source without significant additions of enriched recycled materials ( Fig. 7 ; . The amount of recycled crust suggested by olivine Mn/Fe (Xcrc = 10-31 %) would be expected to considerably shift the isotopic compositions towards those of OIBs that derive from enriched mantle (EM) domains (e.g., Pitcairn and Samoa; Fig. 7 ). In comparison, Gran Canaria basalts and picrites show variable isotopic compositions extending to highly radiogenic Sr and Pb, reflecting their derivation from complex mixtures of DMM, EM, and high-U/Pb (HIMU) sources ( Fig. 7; e.g., Gurenko et al., 2006 Gurenko et al., , 2010 . Although not necessarily an indication of recycled sources, it is important to note that the magmatic He isotopic composition of the Karoo meimechites is indistinguishable from that of SWIR MORBs as well (Heinonen and Kurz, 2015) . 
The plausibility of Ni and Mn/Fe in olivine as tracers of source mineralogy
Despite high Ni concentrations and low Mn/Fe in olivine, resulting in average Xpx (52 %) and Xcrc (16.8 %) values calculated on the basis of the latter, the Karoo meimechites exhibit considerable geochemical evidence of derivation from dominantly peridotitic depleted mantle sources similar to those of MORBs (namely SWIR MORBs; Figs. 4-7; see also Heinonen and Kurz, 2015) . For comparison, Sobolev et al. (2007) suggest Xpx and Xcrc values of 10-15 % and 5 % for MORBs, respectively, although the data for MORB-related olivines reported by them spans a somewhat larger range in Xpx values (Fig. 3) .
It is evident that other processes than origin from pyroxenite are largely responsible for the relatively high Ni and low Mn/Fe in the Karoo meimechite olivines. Despite having similar isotopically depleted mantle sources, MORBs and Karoo meimechites exhibit evidence of distinct melting conditions and water contents in these sources. The relatively high Ni of Karoo meimechite olivines (Fig. 2) could be attributed to derivation at very high mantle pressures (~5-6 GPa) and temperatures (~1500-1600 °C) beneath the thick Gondwanan lithosphere, because such conditions favor low KD (Ni) ol-liq in the source (see Matzen et al., 2013) . These conditions have been determined with the help of Al-in-olivine thermometry, comparisons of the calculated parental melt compositions with peridotite partial melt compositions, and PRIMELT software . The difference in the temperature of formation relative to MORBs (ΔT ≈ 200 °C) is not far from that suggested for the Hawaiian tholeiites and MORBs (ΔT ≈ 270 °C; Putirka et al., 2007) . High pressure also increases KD (Mn) ol-liq (Matzen et al., 2017) and increase in source water contents increases KD(Mn) garnet-liq (Balta et al., 2011) . The presence of igneous kaersutite in olivinehosted crystallized melt inclusions in the Karoo meimechites are evidence of relatively high water contents in their parental magmas (~1-2 wt. %; determined on the basis of the amount of kaersutite in the inclusions) and mantle sources . Furthermore, their high Sm/Yb ratios are evidence of garnet-bearing sources (Heinonen and Luttinen, 2008) . Whereas MORBs derive dominantly from dry spinel-peridotite at low pressures (< 1 GPa; e.g., Langmuir et al., 1992) , the Karoo meimechite parental melts were generated from water-enriched garnet-peridotite at high pressures, which could explain the relatively higher Ni contents and lower Mn/Fe in the latter.
The effects of the melting conditions and source water content on KD(Ni) ol-liq , KD(Mn) ol-liq , and KD (Mn) garnet-liq are difficult to constrain quantitatively. Recently, Matzen et al. (2017) introduced a way to illustrate the effects of pressure (and temperature) of melting on Ni and Mn contents of olivine phenocrysts based on forward-modeling of peridotite partial melting. In a plot of MnO89 vs. NiO89 (MnO and NiO in olivine calculated at Fo89 based on liquid line of descent, see Matzen et al., 2017) , the results of such models are able to replicate almost the full range of Mn and Ni variation of natural olivine phenocrysts from various tectonic settings (Fig. 8) . In this diagram, the average olivines of the Karoo meimechites plot close to the high-pressure experiments, although they show a bit lower NiO89 than the experiments and most of the natural olivines at a given MnO89 (Fig. 8 ). This small difference could be attributed to possible additional influence of source water to KD (Mn) garnet-liq , but we do not speculate about it further, as this effect has not been constrained in detail (see Balta et al., 2011) . Nevertheless, based on this diagram, the high pressure of peridotite melting alone may already be able to explain the elevated Ni and Mn in the olivine phenocrysts of the Karoo meimechites.
Our study highlights the importance of relying on multiple pyroxenite tracers in unraveling the sources of Mg-rich volcanic rocks (see Yang et al., 2016) and implies that Xpx values calculated with the method of Sobolev et al. (2007) are very likely to be false for many volcanic rocks erupted on thick lithosphere. If using Ni and Mn/Fe of olivine phenocrysts for the purpose of recognizing source rocks, the conditions of formation for the suites under inspection should be relatively similar. In such cases, they may be useful in qualitative comparisons and correlations with other pyroxenite source indicators and radiogenic isotopes should be expected (see, e.g., Sobolev et al., 2008; Gurenko et al., 2009 Gurenko et al., , 2013 Heinonen et al., 2013) . Matzen et al. (2017) . For the Karoo meimechites, averages of the two samples calculated at Fo 89 with linear and power-law functions (see Matzen et al., 2017) are shown.
